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Introduction
Worldwide environmental problems have been intensified by the continuous increase of population and the misuse of natural resources. In the semiarid region of the northeast of Brazil water resources in the communities are limited for human consumption [1] and nowadays this problem also begins to appear in the southeast of the country. Therefore it is increasingly important to maintain the quality of underground and surface water resources that supply these communities. One way to do this is to adopt preventive methods and to avoid discharging untreated wastewater containing dissolved heavy metals ions and organic material in the environment. In the case of the textile industry large volumes of water are consumed and nearly 90% of the input is discharged as wastewater generating enormous volumes that contain dyes and organic material [2] .
Billions of cubic meters of wastewater with synthetic organic dyes are produced daily around the world [3] . More than 80,000 t of reactive dyes are produced and consumed each year [4] .
Reactive Black 5 (RB-5) is a recalcitrant compound classified as reactive dye because it forms covalent bonds with the textile material becoming part of the fibers. It is an azodye with chromophoric groups (-N=N-) [5] and is considered a moderate toxic substance by Ramsay and Nguyen [6] with 25 < EC20 < 50 %. EC20 refers to the concentration substances that decrease the luminescence of Vibrio fischeri by 20 %. The EC50 30min levels of the hydrolyzed and no-hydrolyzed forms of RB-5 dye determined by Gottlieb et. al [7] are 11.49 ± 3.68 mg dm -3 and 27.59 ± 4.01 mg dm -3 , respectively, against Vibrio fischeri bioluminescent bacteria. These concentrations are low and the hydrolyzed form of RB-5 is still a weak genotoxic; even low concentrations of dyes into wastewater are highly visible [8] and can cause many environmental problems because
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ACCEPTED MANUSCRIPT 4 they are toxic and interfere in photosynthetic processes by consuming the oxygen needed for living species. The toxicity of the dye substances has forced the textile industries to meet tight environmental legislations. In Brazil, the regulation of standards for wastewater discharge into water bodies is the responsibility of the Federal Government by Conselho Nacional do Meio Ambiente (CONAMA), by CONAMA resolution Nº 430 of 13 of May of 2011, the following standards are mandate for all wastewater, including the textile effluents: pH between 5 and 9; temperature < 40 ºC; minimal removal of 60% in biological oxygen demand and others [9] .
It is clear that there is a need to develop new technologies that are able to treat textile wastewaters effectively and at low cost. This is not only important due to the environmental issues mentioned above but also from the financial aspect inasmuch as the textile industry uses large volumes of water. By an efficient treatment process of these wastewaters, they can be recycled and consequently reduce production costs [10] .
Advanced Oxidation Processes (AOP) are known for their powerful ability to degrade persistent organic pollutants through the reaction with hydroxyl radicals [11] . Hydroxyl radicals have one of the highest oxidizing potential (E 0 = 2.80 V vs. SHE), consequently they are extremely reactive and the reaction rates with most organic compounds are close to the diffusion control values, i.e. the reaction time is less than a millisecond with rate constants in the range of 10 7 -10 10 dm 3 mol -1 s -1 [12] . Among the AOP, the ElectroFenton (EF) process is able to promote total mineralization of organic material in short periods of time; the method needs oxygen in solution and Fe 2+ ions to produce the hydroxyl radical and is suitable to treat wastewater since most of them normally contain certain amount of Fe 2+ and/or Cu 2+ ions and air bubbles can be supplied from compressed air to provide oxygen [13] . The main advantages of this process are:
is produced in situ, avoiding risk and cost associated with storage, transport and handling of this material; in optimized experimental condition, total mineralization at low cost is possible; Fe 2+ is continuously regenerated at the cathode avoiding the production of sludge and promoting higher degradation rate reactions; through this method it is possible to control the rate of the degradation which has led to mechanistic studies [14] [15] [16] . Another important AOP process includes the use of Boron-Doped Diamond (BDD) films on the anode electrode [17] that also produces highly oxidant hydroxyl radicals via the oxidation of water furthermore other weaker oxidizing species such as sulfate radical anions (E 0 = 2.01 V vs. SHE), peroxodisulfate ion (E 0 = 2.60 V vs. SHE) can be produced by the oxidation of the ion sulfate on these electrodes [18] [19] [20] . BDD electrodes have high mechanical strength and excellent chemical and electrochemical stability and unusual offset potentials for the evolution of hydrogen and oxygen in aqueous media providing very wide electrochemical potential window [21] .
They also exhibit low double-layer capacitance, low adsorption, low background and high oxidation efficiencies [22] . One of the disadvantages of these electrodes is the high cost and the erosion of the thin BDD layer over time due to friction with the electrolyte flow however; there have been reports of life time up to 240 hours operation at 50 mA cm -2 of these electrodes [23] .
Electrochemical methods have been used to study wastewater containing dyes by many research groups [24, 25] . However, the combination of AO using BDD anode and EF using RVC cathode for the generation of hydrogen peroxide in order to degrade RB-5 dye using a filter-press electrochemical reactor has not been reported. BDD electrodes alone have been used to treat RB-5 dye by Ceron-Rivera et al. [26] at a 3 cm 2 area cathode electrode and four different anode materials achieving 95% color removal and
65-67 % COD removal; Yavuz and Shahbazi [27] studied the oxidation of RB-5 using BDD Raschig rings of 176 cm 2 geometric area as working and counter electrodes. EF processes have been used to degrade RB-5 using anode and cathode graphite electrodes of 84.16 cm 2 area [28] . Glassy carbon electrodes also have been used [29] as well as graphite (area 15 cm 2 ) and Fe alginate gel beads and iron-loaded sepiolite [30, 31] .
Bocos et al. [28] used two graphite sheets electrodes of 15 cm 2 area and an iron supported in polyacrylamide hydrogel [32] .
The aim of this paper is to compare the electrochemical degradation of Reactive Black 5 dye in a divided flow cell by AO using Boron-Doped Diamond anode and EF using RVC as cathode to produce H 2 O 2 . The degradation will also be studied by the combination of AO-EF processes in an undivided flow electrolyser. The degradation efficiency was monitored by UV-VIS spectrophotometer (200-800 nm) and by the determination of the Total Organic Carbon (TOC). The performance of the degradation of the dye in terms of energy composition of electrolysis was also examined.
Experimental details
The study of hydrogen peroxide production and the degradation of RB-5 dye were carried out using a filter-press flow reactor with two compartments separated by a 115 Nafion ® membrane. The membrane was conditioned by boiling it in water for 30 min and kept in 1 mol dm -3 H 2 SO 4 during 24 h. The filter-press flow reactor [33] was composed by five acrylic flat plates of 15.0  9.0  0.66 cm held together with a series of bolts and silicone rubber gasket in between in order to avoid leaks of the electrolyte.
Each compartment contained an inlet and outlet and the electrolyte was circulated from the reservoirs using magnetically driven centrifugal pumps TE-3K-MD (March May).
A C C E P T E D M A N U S C R I P T TOC. An UV-VIS spectrophotometer was used to monitor the absorbance behaviour and to calculate the color removal through the visible area of the spectrum (400-700 nm) as shown by Equation (1). The energy consumption (EC) was calculated considering the TOC removal using equation (2) [36] below: 
3 Results and discussion
Anodic oxidation of RB-5 on BDD electrode
In the process named BDD, the RB-5 electrodegradation was promoted by the hydroxyl radicals formed at the BDD surface from the water oxidation and other weak oxidizing species formed in the sulphate medium, total mineralization can be achieved in this process, which follows the simplified reactions below [13, 19] :
BDD(•OH) + organic compounds → BDD + oxidized products (4) densities experiments is negligible after 300 nm. Figure 1b shows the development of the absorbance over time when the highest current density of 41.1 mA cm -2 was applied during the electrolysis. At this current density only 15 minutes of electrolysis were sufficient to eliminate the highest absorption peak at 600 nm but more time was necessary to remove the absorption at 300 nm. The absorption at 90 minutes of electrolysis is negligible.
Oxidation of RB-5 by the EF method using RVC electrode to produce H 2 O 2
The concentration of hydrogen peroxide at different applied electrode potentials on an RVC electrode of 60 ppi is shown in Figure 2 . Concentrations between 0.25 and 0.35  probably because at this negative potential the production of water from the oxygen reduction, instead of hydrogen peroxide, is favoured. It is also possible that this was due to the uneven potential distribution in the RVC electrode, as it is difficult to ensure the same potential in all the 1,540 cm 2 surface area of this electrode [34] . The amount of hydrogen peroxide electrogenerated at -0.4 V vs. Ag/AgCl over the whole electrolysis was the highest. Therefore, this potential was selected to degrade the RB-5 dye using the RVC electrode as working electrode.
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In the process named RVC, the electrodegradation of RB 
Oxidation of RB-5 by combining anodic oxidation and electro-Fenton (AO-EF)
In the process named AO-EF, all the reactions mentioned above are involved and the oxidation of the hydrogen peroxide could be observed by the following reactions [13] :
A series of constant current experiments were carried out with this electrode configuration. Figure 4a presents the absorption results after 90 minutes electrolysis at the different current densities and shows that only at 41.1 mA cm -2 the absorbance decreased to zero. Figure 4b shows this absorption at this current density over a period of time. It can be seen that the absorption peaks still are substantial after 5 minutes electrolysis and even at 15 minutes the peak at 310 nm only has decreased by 50%.
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Comparison of anodic oxidation, Fenton and the combined process
The color removal at the end of the 90 minutes electrolysis was measured by the area of spectrums in the visible region (400-700 nm) and plotted in Figure 5 In all the process studied the color removal of the solution containing the RB-5 dye was achieved at high percentages. These results are better than other reported data in the literature for example an Electro-Fenton process applied to RB-5 using graphite electrode of 84.16 cm 2 geometrical area reported only 52% in color removal, applying a cell potential of 3V [28] ; other reports using glassy carbon achieved 95% in color removal at the best condition [29] and also using graphite (geometric area of 15 cm 2 )
and Fe alginate gel beads a maximum of 90% color removal was observed [30] . 97.2%
in color removal was achieved when iron-loaded sepiolite and graphite electrodes (geometric area of 15 cm 2 ) were used [31] . The electrochemical oxidation of RB-5 dye using BDD Raschig rings (176 cm 2 ) attained 97% in color removal on the optimized conditions [27] .
Promoting total color removal is very important in order to carry out a safety discharge of wastewater containing dye, however it is even more important to promote TOC removal because wastewater, which present high organic load when discharge into Using the RVC electrode with 0.10 × 10 -3 mol dm -3 Fe 2+ added, the TOC removal improved from 42% to 74% at 30 and 90 minutes of electrolysis, respectively.
Yavuz and Shahbazi [27] studied the oxidation of RB-5 dye using BDD Raschig rings (176 cm 2 ) as working and counter electrodes. At the optimum conditions they reported only 29.3% of TOC removal. Electro-Fenton processes were studied to degrade RB-5, using glassy carbon, which had only achieved 68% in TOC removal on the best degradation conditions [29] ; using graphite (geometric area of 15 cm 2 ) and Fe alginate gel beads, which observed the maximum of 65% in DQO removal [30] . Results of TOC removal of the RB-5 dye found in this paper were improved comparing with those found in literature, which used similar processes. At 90 min of electrolysis and applying 41.1 mA cm -2 , the maximum TOC removal for the AO process with BDD, the EF process with RVC (0.10 × 10 -3 mol dm -3 of Fe 2+ ions) and the combined processes AO-EF using BDD+RVC was 90%, 74% and 82%, respectively.
Energy consumption
Color and TOC removal should be achieved at low energy consumption (EC) to propose viable processes to industry in order to be implemented and avoid environment by discharging wastewater containing dyes. 
Kinetics of electrodegradation processes
The concentration decay of RB-5 dye was calculated by the absorbance measured at 600 nm. Figure 8 shows the normalized concentration of RB-5 and theirs inserts show the The apparent rate constants reported in Table 1 show that the quickest RB- In the combined process AO-EF using RVC+BDD electrodes reasonable TOC and color removal were achieved but higher EC values were noted. All the proposed methods were able to remove RB-5 dye completely and achieve TOC removal of 90%, 82% and 74% within 90 min for AO (BDD electrode), EF (RVC electrode) and the combined AO-EF (RVC+BDD electrodes), respectively.
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Figure 4a
Spectra of samples taken after 90 minutes of electrolysis of solutions containing 2 × 10 -5 mol dm -3 (20 ppm) of RB-5 using a combined BDD anode RVC cathode (AO-EF) at different current densities: (solid line) initial spectrum before the electrolysis and 4.1 (long dash line), 8.2 (medium dash), 20.6 (short dash line) and 41.1 mA cm -2 (dotted line). The electrolyte support was 0.5 mol dm -3 of Na 2 SO 4 at ambient temperature (23 ºC) and the flow rate of the electrolyte was 100 dm 3 h -1 .
Figure 4b
Spectra of samples taken from solutions containing 2 ×10 -5 mol dm -3 (20 ppm) of RB-5 during the electrolysis using a combined BDD anode RVC cathode (AO-EF) at 41.1 mA cm -2 over time: (solid line) initial spectrum before the electrolysis, and after: 1 min (long dash line), 5 min (medium dash), 15 min (short dash line) and 90 min (dotted line). The supporting electrolyte consisted on 0.5 mol dm -3 of Na 2 SO 4 at 23 ºC and flow rate of the electrolyte at 100 dm 3 h -1 . 
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